acting environmental and genetic factors are involved, and that severe manifestations may be due to a complex interaction of etiologies [Ming and Muenke, 2002; Bendavid et al., 2006; Dubourg et al., 2007; Roessler and Muenke, 2010] .
Human FGF8 is a member of the large fibroblast growth factor (FGF) family and maps to chromosomal region 10q24 [Lorenzi et al., 1995; White et al., 1995; Payson et al., 1996; Yoshiura et al., 1997] . Fgf8 contains 6 exons and alternative splicing can result in 4 possible coding regions for the amino-terminus [Gemel et al., 1996; Olsen et al., 2006] . Vertebrate Fgf8 is involved in a variety of activities including mitotic induction and cell survival, and has been implicated in a broad range of biological processes, including cell growth, tissue repair, and tumor growth invasion [Yoshiura et al., 1997] . The temporal and spatial expression pattern of Fgf8 suggests its key involvement in embryonic development. In support of this, animal models show involvement of Fgf8 in limb development, gastrulation, left-right axis determination, and organ morphogenesis [Ohuchi et al., 1994; Johnson and Tabin, 1997; Meyers and Martin, 1999] .
Recent studies have shed light onto the conserved vertebrate process by which secreted factors produced in patterning centers regulate early organ formation such as the developing forebrain [Rubenstein et al., 1998; Storm et al., 2006; Monuki, 2007; Fernandes and Hébert, 2008] . Specifically, in telencephalic specification multiple patterning centers contribute to the development of the midline of the forebrain, an axis essential for the division of the cerebral hemispheres that fails in the HPE sequence. Communication between these centers coordinates tel encephalic development [Monuki, 2007; Fernandes and Hébert, 2008] . Through these patterning centers, Fgf8 signaling affects the telencephalon at several levels. Fgf8 disruption in both mouse and zebrafish results in a small telencephalon [Meyers et al., 1998 ]. The rostral patterning center expresses multiple Fgf genes, including Fgf8 [Maruoka et al., 1998 ]. Fgf8 expression in the rostral patterning center aids proliferation and inhibits differentiation and dorsal telencephalic fates [Xuan et al., 1995] . The dorsal patterning center, a center known to express Zic2 (mutations in ZIC2 cause HPE in humans), also expresses Bmp and Wnt genes, and directs development of cortical hem and dorsocaudal structures [Brown et al., 1998; Grove et al., 1998; Galceran et al., 2000] . Finally, the ventral patterning center expresses Shh (again, mutations in which cause HPE in humans) [Crossley and Martin, 1995; Shimamura et al., 1995; Roessler et al., 1996 Roessler et al., , 2009 . Shh interacts with Fgf8 , and regulation of Shh expression and development of ventral telencephalon is known to be dependent on FGF signaling in zebrafish and other vertebrates [Shinya et al., 2001; Garel et al., 2003; Lupo et al., 2006; Storm et al., 2006; reviewed in Hoch et al., 2009] . These observations provide evidence for cross-linked communication between patterning centers and for the obligatory role of the FGF8 in communication between ventral and dorsal centers. Therefore, the testable prediction would be to measure the actual presence or absence of FGF8 variants among our HPE cases.
While mutations in FGF8 have not previously been studied in human HPE, heterozygous mutations in FGF8 can be found in other diseases in humans [reviewed in Krejci et al., 2009] . Mutations in FGF8 were found in 6 unrelated patients with idiopathic hypogonadotropic hypogonadism (IHH) with and without anosmia [Falardeau et al., 2008 ; for a review, see Bianco and Kaiser, 2009] . Functional studies show that all of these mutations resulted in diminished function of various degrees. Interestingly, Fgf8 hypomorphic mice show olfactory bulb anomalies, with reduced neuronal gonadotropin cells in the hypothalamus. Of note, one of the above patients with adult-onset IHH has an identical mutation to the one we found in HPE patients [Falardeau et al., 2008; see below] .
Additionally, an FGF8 mutation (whose likely pathogenecity was inferred by structural analysis) has also been reported in one patient with nonsyndromic cleft lip and palate [Riley et al., 2007] . Importantly, all patients described so far with FGF8 mutations have phenotypes consistent with midline defects [Krejci et al., 2009] .
As Fgf8 appears to act in midline induction by serving as an intermediate factor in a cross-regulatory interaction between ventral and dorsal domains, we felt that FGF8 was an excellent candidate gene for human HPE [Storm et al., 2006; Monuki, 2007; Fernandes and Hébert, 2008; Paek and Hébert, 2009] . Here we will present the use of high-resolution DNA melting (HRM), with bi-directional sequencing of variants as a robust and sensitive screening methodology to evaluate new HPE candidate genes with respect to their potential roles as primary or secondary factors in forebrain development pathologies.
Materials and Methods
The genomic organization of the FGF8 gene (NM_033164.1, corresponding to the longest transcript: variant F) was obtained from public database programs (http://www.ncbi.nlm.nih.gov) and the Bioinformatics site annotation provided by http://www. genome.ucsc.edu. Guidelines for the naming of the sequence variants conform to the recommendations of the human nomenclature committee (www.hgvs.org/mutnomen). Oligonucleotide primers were designed using the Primer3 v. 0.4.0 and Oligo TM 6.8 FGF8 and Holoprosencephaly Mol Syndromol 2010; 1:59-66 for the 6 coding exons and exon/intron boundaries of all known isoforms, as described ( table 1 ) .
Screened Populations
Our study consists of 360 unrelated cases from our collection of probands with HPE, which encompasses the entire clinical spectrum of severity in our HPE patients. In addition, our study also includes 184 unrelated individuals acquired as de-identified samples from the Coriell Institute for Medical Research (Camden, N.J.) to serve as controls. High-resolution melting profile was performed on the 360 unrelated HPE patients and the 184 unrelated controls simultaneously. Investigation of all samples was in accordance with a National Human Genome Research Institute (NHGRI) Institutional Review Board-approved research protocol.
PCR Amplification Roche LightCycler 480:
All exons, except exon 1 (see below), were amplified in a 7.5-l reaction volume using 5-10 ng DNA template, 3.5 l of Roche High-resolution melting Master (containing FastStart Taq DNA polymerase, reaction buffer, dNTP mix, and HRM dye (Roche)), 0.6 l of magnesium chloride (Roche) and 0.3 m M of each primer. All reactions were done employing a Roche LightCycler 480 (Roche, Ind.). PCR amplification parameters were: incubation at 95 ° C for 10 min followed by 45 cycles of denaturation at 95 ° C for 10 s, annealing (depending on primer, see table 1 ) for 15 s, and extension at 72 ° C at amplicon size divided for 25 s.
PCR Assay for Exon 1: Exon 1 was amplified using a 25-l reaction volume using 5-10 ng DNA template, 0.2 m M of dNTP, 0.75 m M of each primer, 2.5 l of 10 ! PCR buffer (Invitrogen), 2.5 l of 10 ! Enhancer buffer (Invitrogen), 0.75 l of magnesium sulfate (Invitrogen) and 0.2 l Taq polymerase. Every reaction was performed using a PTC-225 thermocycler (MJ Research, Mass.). PCR cycling parameters were: 95 ° C for 4 min followed by 40 cycles at 95 ° C, annealing at 66.4 ° C, extension at 72 ° C for 30 s, and a final extension step of 72 ° C for 7 min.
High-Resolution DNA Melting Acquisition
High-resolution melting curve analysis was used to identify putative sequence variants in FGF8 in 360 HPE samples and 184 normal controls using the LightCyler 480 II system (Roche applied science, Indianapolis, Ind.). Samples in all exons, except exon 1, were melted by increasing the temperature from 65 to 95 ° C, while exon 1 was melted from 65 to 99 ° C at a programmed rate of 0.2 ° C/s with fluorescence acquisition of 25 times per 1 ° C of temperature increase.
High-Resolution DNA Melting Analysis 384 well DNA-containing sample plates were used to scan for mutations; within these plates, 16 water-containing blank samples were used as negative controls. HRM curve analysis was performed according to the manufacturer's recommendations using LightCycler 480 Software release v.1.5.0 (Idaho Technology Inc., Idaho and Roche Applied Sciences, Ind.). Amplicons of individuals showing evidence for variants were normalized, temperatureshifted fluorescence-over-temperature plots were identified, and samples were sequenced bi-directionally to confirm the presence of sequence changes.
DNA Sequencing
Samples with melting profiles deviating from the profile of the wild type were sequenced to define the variant. Sequencing was performed bi-directionally at the core DNA Sequencing Facility, National Institute of Neurological Disorders and Stroke, NIH.
Clinical Data
In accordance with our NHGRI IRB-approved procedures, families with positive clinical or molecular findings were contacted and consented to participate in our comprehensive clinical study on HPE.
Results

Molecular Findings in HPE Patients and Controls
We find both novel and known variants in FGF8 in both HPE patients and controls ( table 2 ). Most of these variations occur in non-coding intronic or flanking sequences that do not have any known functional effects. In 1 HPE-affected family, we find a hypomorphic muta- tion in a highly evolutionary conserved region of FGF8 : c.686C 1 T, resulting in p.T229M ( fig. 1 ). This mutation results in the substitution of a hydrophobic amino acid (methionine) for a hydrophilic amino acid (threonine) in a region of the molecule present in all 4 known biologically active isoforms. Of note, this specific mutation has been reported in a patient with idiopathic hypogonadotropic hypogonadism, was shown to have a deleterious functional effect using in vitro models, and is predicted to alter activity of FGF8 in humans [Falardeau et al., 2008] . While the precise mechanism underlying its reduced activity is unknown, due to its location in the extreme carboxy-terminus of the protein, it has been recently demonstrated that factors other than direct binding to receptors likely contribute to sharp morphogenetic gradients in biological tissues [Yu et al., 2009] . By bidirectional sequencing, no coding region mutations were found in the four most common HPE-associated genes in this family ( SHH , ZIC2 , SIX3 , and TGIF ).
Clinical Findings
Three members of the family ( fig. 2 ) tested positive for a mutation in FGF8: c.686C 1 T, resulting in p.T229M. This maternally-inherited mutation was initially found in dizygotic twin females. The first twin (II.1) had semilobar HPE, and features consistent with classic non-syndromic HPE, including microcephaly, cleft palate, seizures, diabetes insipidus (DI), and severe neurological impairment. Other than the presence of DI, she had no evidence for other endocrinological disturbances. The other twin (II.2) had an SMCI and hypotelorism. Brain MRI performed at approximately 1 year of age was described as showing subtle midline anomalies, with the presence of bilateral olfactory bulb dysplasia, but a repeat MRI performed at 8 years of age at the NIH showed no evidence of midline abnormalities. Significantly, this child was quite intellectually gifted, supported by standardized scholastic evaluations showing that she performed several years above her chronological age in reading and mathematics. The only clinical manifestation in the twins' mother (I.1) was mild hypotelorism; she was also highly intelligent by history. Her brain MRI showed no midline or other anomalies.
Neither living family member with the mutation showed any signs of endocrinological disturbance despite a comprehensive evaluation. Specifically, there were no signs of hypogonadotropic hypogonadism by history, serum screening, or by radiologic anatomical study.
Discussion
We tested 360 individuals with HPE for mutations in FGF8 . Surprisingly, we detected only 1 family with a putative loss-of-function mutation in this gene. The low incidence of mutations of the FGF8 -coding region argues against mutations in this gene as a common genetic factor to explain the occurrence of midline forebrain anomalies. However, we cannot exclude the possibility that unscreened genetic elements could play a role in human disease, for example, those that control the levels or tissue distribution of FGF8 transcripts [Komisarczuk et al., 2009] , or its various isoforms, which were not the focus of this study. Nor can we exclude the ability of other FGFs to compensate for any putative diminished FGF8 function.
Several additional conclusions can be drawn from this study. First of all, this family simultaneously highlights Table 2 . V ariants detected in FGF8 by HRM and bi-directional sequencing. DNA mutation numbering is based on the cDNA sequence. A of ATG translation initiation codon is +1 and the initiation codon is codon 1 based on NM_033163.1 (for a review, see Krejci et al. [2009] the importance and limitation of functional studies, both from the perspective of understanding the genetic pathogenesis of HPE, and in terms of counseling families in the clinical setting. The p.T229M mutation found in this family and in an apparently unrelated family with IHH occurs in an evolutionarily conserved region of FGF8 suggesting its biological relevance. Evidence from animal models and cell-based assays shows that this mutation has a modest deleterious functional effect. Specifically, this heterozygous mutation is predicted to alter FGF8 activity in humans [Falardeau et al., 2008] . However, it is reasonable to infer that additional genetic or environmental factors, presently unknown, would be required to produce severe phenotypes. Interestingly, several families with IHH have been described that segregate more than one type of mutation for this condition, and, therefore, an oligogenic model has been proposed [Pitteloud et al., 2007; Cole et al., 2008] that resembles the 'multiple hit' model of HPE in many respects [Ming and Muenke, 2002] . The family reported here shows that the same mutation can result in highly variable clinical consequences; this mutation must therefore not solely determine phenotypic outcome. This highly variable intrafamilial expressivity is typical in other families with mutations in HPErelated genes [Roessler et al., 1996; Solomon et al., 2009] . This inter-and intrafamilial variable expressivity is typical for HPE and other complex traits including IHH [Pitteloud et al., 2007; Cole et al., 2008] . This argues that FGF8 may act as one of numerous factors in the model of the pathogenesis of HPE resulting from interacting genetic and environmental influences [Ming and Muenke, 2002; Roessler and Muenke, 2010] .
Second, previous studies have shown that patients with mutations in FGF8 are associated with midline defects such as cleft lip and palate and central pituitary/hypothalamic dysfunction. Using our cohort of patients with HPE, we show that a mutation in FGF8 may contribute to a midline defect at the most severe end of the phenotypic spectrum ( table 3 ) . However, we cannot rule out Fig. 2 . Pedigree of family segregating FGF8 mutation. As the legend indicates, individuals with the right side shaded blue segregate the c.686C 1 T mutation in FGF8 . Individuals I.1 and II.2 display microform features, indicated by yellow shading, while patient II.1 had semilobar HPE, indicated by black shading. Individuals II.3 and II.4 were not tested, but by history and photo review had no findings consistent with microform HPE or other related issues.
the possibility that other genetic and/or environmental factors are equally relevant to the pathologies seen in this family.
Our results suggest that mutations in an evolutionarily conserved region of FGF8 can affect human midline and forebrain development. This report, in conjunction with previous reports, provides evidence that FGF8 is involved in midline patterning in humans and that failure of its proper expression can infrequently result in human diseases. Despite evidence for the key role of FGF8 in the cascade involved in midline forebrain patterning, this study revealed a low prevalence of mutations in FGF8 in our cohort of patients with HPE. Biologically, FGF8 appears to play important roles in forebrain development, but may only act to contribute to frank disease in the presence of other, currently undetermined factors. Furthermore, the fact that the family described here did not show any signs of IHH indicates that other factors are almost certainly yet to be identified. Future directions should be centered on screening more patients with a variety of midline defects for mutations in FGF8 in order to determine the entire spectrum of phenotypic consequences. In conjunction, it will be important to continue to explore the presence of other contributory biological factors in these individuals.
